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Abstract ⎯ A design is presented for a large force (0.5 mN) 
high precision MEMS clamping mechanism. The clamp is 
part of a MEMS TEM sample manipulator, which needs to be 
fixed un-powered once positioned. The elastic deformation of 
the clamp suspension has been optimized to not influence the 
TEM sample manipulator position during clamping. The 
dimensions of the elastic elements have been further 
optimized for minimal elastic energy storage, minimizing 
force for deformation and thus the device area. Fabrication 
involves a back-etch release process, offering great design 
freedom, resulting in a compact and optimal design. 
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I INTRODUCTION 
Transmission Electron Microscopes (TEM) are 
widely used for sub nm resolution (up to 0.1 nm) 
analysis of samples. A typical semiconductor 
sample size is 20 x 10 x 0.1 µm. Conventional 
TEM sample manipulators often lack the crucial 
stability of 0.1 nm/min. A MEMS manipulator 
attached directly to the TEM pole would greatly 
increase both thermal and dynamic stability. 
However a stable E-beam requires no interference 
of electric or magnetic fields. Therefore the 
manipulator should be stably fixed without an 
magnetic or electric field in the TEM chamber. A 
mechanical clamp with a locking device is 
investigated for that purpose. This clamp design is 
part of a research project for a 6 Degree of 
Freedom  MEMS TEM sample manipulator.  
 
A clamp is stationary gripper. Several grippers and 
clamps have been reported [1, 5]. The clamp 
presented here incorporates a large clamp force 
with respect to the device area and is able to 
maintain the clamp force without external power.  
II PROCESS 
The process is based on vertical trench isolation 
and back side release, proposed and successfully 
implemented by Sarajlic [6]. In a P++ doped <100> 
Si wafer trenches of 2 µm wide and 40 µm deep 
are etched by Deep Reactive Ion Etching (DRIE). 
The trenches are filled by Silicon Rich Nitride 
(SiRN) [3] for electrical insulation purposes. At the 
back side KOH pits are etched. The device layer is 
formed by a 40 µm Si plate from the bottom of the 
pit to the front side of the wafer. In this layer the 
presented device is etched by DRIE. A dummy 
wafer is bonded to the device wafer for better 
thermal conduction during the last DRIE step of 
the device layer. The process allows trenches of 
various widths (thus various etch rates) as over 
etching is no problem. For this reason the design 
freedom for an optimal elastic mechanism is 
guarantied. Furthermore, the process is compatible 
with the process designed for a complete MEMS 
TEM sample manipulator stage.  
 
 
Figure 1: Three mask process: Vertical trench 
isolation, back side release and DRIE. 
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III CLAMP MECHANISM  
 
The concept comprises the clamping of a leaf-
spring (stage-tail), Figure 2. By means of 
cantilevers, a transmission ratio is used to increase 
the clamp force and to decrease play in a locking 
mechanism. A locking mechanism freezes the 
clamp force. 
 
 
 
Figure 2: The clamp mechanism clamps the tail of 
the manipulator (dummy body). 
   
The stage-tail, which is a leaf-spring attached to 
the comb-drive shuttle of the MEMS TEM sample 
manipulator, is compliant in x-direction. The 
manipulator is not shown here but is symbolized by 
a dummy body. The dummy body is to be fixed in 
y-direction by the clamp mechanism. The clamp, 
Figure 3, is suspended by leaf-springs A and B, 
creating a virtual pivot at the intersection. The 
clamp rotates around the virtual pivot. A cantilever 
converts the actuator force to a larger force at the 
clamp. Because of large clamp forces, and so the 
risk of buckling, the leaf-springs are loaded tensile 
during clamping. The two clamps are actuated by 
one comb-drive collectively. One large comb-drive 
actuator consumes less space than two separate 
ones. The stage-tail is compliant in x-direction to 
obtain an equal distribution of the clamp force in 
the clamps, and leaves the x position of the 
manipulator unaffected by the clamps. Two racks, 
Figure 5, with mechanical stops and gap closing 
actuated pins lock the position of the comb-drive. 
In combination with leaf-spring C, the clamp force 
will not be decreased dramatically.  
 
Once the TEM sample is positioned in the 
microscope the position shouldn’t be affected by a 
clamping mechanism. Several measures have been 
taken: First, the virtual pivot is located at the 
surface of the stage-tail. Therefore nearly pure 
motion in x-direction of the clamp at the clamping 
surface results, leaving the stage position 
unaffected. Second, the clamping force results in a 
tensile elongation of leaf-springs A and B. The 
leaf-spring tensile stiffness are tuned so the clamp 
force will result almost solemnly in an x- 
displacement of the clamp of 5.5 nm. Also the 
Hertzian contact stress due to clamping of the 
stage-tail results in an elongation of the tail of 0.19 
nm in y-direction, which is insignificant. So the 
position of the stage will only be affected on a sub-
nanometer scale.  
 
Figure 3: Half the clamp mechanism 
IV MODELING  
A linear static equilibrium model has been set up. 
The model regards 6 rigid (clamp, cantilever, 
comb-shuttle) and 9 compliant bodies (leaf-
springs). The sum of the forces and moments 
resulting from elastic bodies make equilibrium 
with the sum of the external forces Fp acting on a 
rigid body P at a certain point p. In general an 
elastic element i is coupled between rigid body P 
and Q. A displacement Xp of point p on body P 
leads to displacement JipXp of elastic element i, in 
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which Jip is the Jacobian matrix. The forces and 
moments resulting in elastic element are CiJipXp. 
These forces and moments are converted to forces 
and moments at point p of body P by JipTCiJipXp. In 
a similar way a displacement of rigid body Q 
results in forces and moments at point p of body P 
resulting from elastic element i by JipTCiJiqXq. The 
sum of the forces resulting from all elastic 
elements working on point p need to be taken and 
are equal to the sum of the external forces and 
moments Fp: 
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In the model static equilibrium of all 6 rigid bodies 
needs to be fulfilled. The displacements of the 
clamp, cantilever and comb-shuttle, as a function 
of the clamp force and the comb-drive force can be 
determined. The internal forces and energy stored 
in the elastic elements is calculated and optimized 
for a certain device area.  
 
The 100µN hold force resolution is determined by 
the stiffness of leaf-spring C in combination with 
the locking resolution. Making leaf-spring C too 
compliant will result in extra stroke for the comb-
drive. Making leaf-spring C too stiff leads to 
unacceptable loss of clamp force when locking. 
However, in comparison to a comb-drive with a 
rigid ‘leaf-spring’ C, the stroke could be 24 µm 
less than the current situation.   
 
The calculated lowest natural frequency of the 
system is 1.7 kHz. The associated vibration mode 
is a rigid body rotation of the cantilevers with 
comb-drive around the virtual pivot. The stiffness 
in x-direction of the clamp is 1.4 104 N/m because 
of the large tensile stiffness of leaf-springs A and 
B. Although the suspended mass seems large, the 
stiffness and lowest natural frequency are high 
enough for the TEM application. 
 
If energy consumption in the elastic hinges is not 
considered, the force transmission ratio would be 
1:9.2 in comparison to the realized ratio of 3.3. 
21% of the comb-drive force is used to deform the 
folded flexures. 43% of the comb-drive force and 
71% of the stroke is necessary for closing the 2 µm 
gap, constraint by the process, between stage-tail 
and the clamp.  
 
The highest Von Misses stress occurs in leaf-spring 
D, mainly due to bending, and reaches 269 106 
N/m2. This means the max strain is 0.19%, which 
is acceptable for single crystal silicon.  
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Figure 4: Complete clamp mechanism overview 
V ACTUATORS 
One actuator is used for creating a controllable 
clamp force, the second actuator is much smaller 
and locks the position of the first actuator. The 
clamp has to build up the 0.5 mN clamp force in a 
controllable way so the stage position is not 
altered. The combination of a small locking 
mechanism and a larger controllable clamp offers a 
relatively small clamping device.  
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Thermal actuators are capable of creating mN large 
forces, however they influence the static sub-
nanometer stability of the stage unfavorably. Piezo 
actuators are incompatible with the process for the 
MEMS manipulation stage. A comb-drive actuator 
is capable of reaching enough force if a cantilever 
mechanism is used and is controllable. At 60 V the 
183 comb-finger pairs deliver a force of 120 µN.  
 
Figure 5: The rack and pin locking mechanisms 
 
The comb-drive is suspended by two folded 
flexures (Figure 4). The elastic energy storage in 
the comb-suspension is halved in comparison to 
the commonly used four folded flexure per comb-
shuttle. The stress free single crystal silicon folded 
flexures will not miss-align the comb-fingers by 
processing. Also the suspension is more exact 
kinematic constraint, making the compliance more 
linear. The folded flexure leaf-springs are 
reinforced in the middle [4]. In comparison to a 
14% shorter non-reinforced leaf-spring the straight 
guiding compliance and stress is equal. The tensile 
stiffness however is increased 300%, which is very 
beneficial for the side pull-in stability. The 
compressive buckling load is increased by 9 times. 
The leaf-springs are designed pre-curved so that at 
the maximum overlap of the comb-fingers 
deformation causes them to be straight. Exactly at 
this point the electrostatic pull-in force build up is 
greatest, the leaf-springs lateral stiffness is largest. 
The comb-fingers are 76 µm long and 2 µm wide. 
According to Elata [2] finger pull-in is no issue at 
60V. 
 
Because of the short stroke and large force a gap 
closing actuator is used for the pin locking 
mechanism. At 60V the pull-in voltage is reached 
and the comb-drive can be actuated. Once the 
wanted clamp force is obtained the pin is locked in 
the rack at a resolution of 3.5 µm by mechanical 
stops (Figure 5). The comb-drive can now be 
switched off. The shear stress in the locking pin is 
small, 1.5 106 N/m2. Reinforced leaf-springs 
suspend the pin while increasing the buckling load. 
Because of low the contact pressure the wear of the 
pin and rack will be small. 
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VI CONCLUSIONS AND 
FUTURE WORK 
A design for a micro-machined high-precision 
large force clamping mechanism is presented. It 
includes an un-powered mechanical locking system 
to maintain the clamping force at a resolution of 
20% of the max force of 0.5 mN clamp force. The 
design is part of a MEMS manipulator for TEM 
samples. The design will also be combined with 
the parallel kinematic MEMS TEM sample 
manipulator and processed later this year.  
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